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SUMMARY 
A laser velocimeter was used t o  s tudy t h e  flow surrounding a Z.LS-m-diam, 
two-bladed, t e e t e r i n g  model-scale h e l i c o p t e r  r o t o r  opera t ing  i n  t h e  hover con- 
d i t i o n .  The r o t o r  system employed interchangeable  blade t i p s  over t he  ou te r  
25% radius .  A conventional rec tangular  planform and a n  experimental  ogee t i p  
shape were s tudied .  The r a d i a l  d i s t r i b u t i o n  of t h e  blade c i r c u l a t i o n  was 
obtained by measuring the  ve loc i ty  tangent  t o  a c losed  rec tangular  contour 
around the  a i r f o i l  s e c t i o n  a t  a number of r a d i a l  l oca t ions .  A r e l a t i o n s h i p  
between l o c a l  c i r c u l a t i o n  and bound v o r t i c i t y  is  invoked t o  ob ta in  the  r a d i a l  
v a r i a t i o n s  i n  the  s e c t i o n a l  l i f t i n g  p rope r t i e s  of t h e  blade. The t i p  vortex- 
induced v e l o c i t y  was a l s o  measured immediately behind the  genera t ing  blade and 
immediately before  t h e  encounter with the  following blade. The mutual i n f lu -  
ences between blade loading,  shed v o r t i c i t y ,  and t h e  s t r u c t u r e  of t h e  encoun- 
te red  vo r t ex  are quan t i f i ed  by the  r e s u l t s  presented and are discussed 
comparatively f o r  the  rec tangular  and ogee planforms. The experimentai  load- 
ing  f o r  t he  rec tangular  t i p  is a l s o  compared with p red ic t ions  of e x i s t i n g  
r o t o r  ana lys i s .  
INTRODUCTION 
Rotorcraf t  hover performance is inf luenced by t h e  r a d i a l  v a r i a t i o n s  of 
t he  rotor-induced v e l o c i t y  f i e l d  ( r e f s .  1, 2). For a given r o t o r  configura- 
t i o n  and opera t ing  condi t ion,  t he  designer  can inf luence  t h i s  induced-velocity 
d i s t r i b u t i o n  through the  choice of r a d i a l  d i s t r i b u t i o n s  of blade chord, t w i s t ,  
and a i r f o i l  s ec t ion .  
a f f e c t  the induced v e l o c i t i e s  has  not  y e t  been completely explained,  A number 
of d i s c r e t e  numerical procedures have been developed t h a t  model t h e  ind iv idua l  
blade wakes and p r e d i c t  the  r o t o r  inflow and blade loading ( r e f s .  3,  4). 
Unfortunately,  most of the  d a t a  a v a i l a b l e  f o r  v a l i d a t i o n  of techniques have 
been r e s t r i c t e d  t o  t o t a l  r o t o r  lift and loading d i s t r i b u t i o n s .  
crepancies  between measured and predicted r o t o r  performance ( t o t a l  t h r u s t  and 
The p rec i se  nanner i n  which these  des ign  parameters 
Thus, t he  dis- 
torque) have been a t t r i b u t e d  t o  an assortment of nonl inear  o r  three-dimensional 
effects and t o  inaccurac i e s  i n  t h e  s p e c i f i c a t f o n  of t h e  vo r t ex  wake. 
been l ack ing  is a p r e c i s e  experimental  d e s c r i p t i o n  of t h e  rotor-induced flow 
f i e l d  and the  a s soc ia t ed  vo r t ex  wake geometry. 
laser velocimeter (LV), i t  w a s  no t  p o s s i b l e  t o  non in t rus ive ly  generate  such a 
q u a n t i t a t i v e  desc r ip t ion .  
What has 
P r i o r  t o  t h e  advent of t h e  
Many previous a t t empt s  t o  measure the d e t a i l e d  s t r u c t u r e  of t h e  ro to r -  
induced v e l o c i t y  flow f i e l d  have employed f low-field- intrusive instruments  
( r e f s .  5, 6). The e x t e n t  t o  which the  s e n s i t i v e  vo r t ex  flow f i e l d  is modified 
by probe i n t e r f e r e n c e  l eaves  some ques t ion  as t o  t h e  q u a l i t y  of the  r e s u l t i n g  
data .  
f i e l d  v e l o c i t i e s  without itself d i s t u r b i n g  the  flow ( r e f s .  7 ,  8 ) .  Using an 
LV, r e sea rche r s  have been a b l e  t o  measure vo r t ex  p o s i t i o n ,  v e l o c i t y  p r o f i l e s ,  
rotor-generated l o c a l  c i r c u l a t i o n ,  and t h e  flow as soc ia t ed  wi th  a vortex-blade 
en$ounter ( r e f s .  9-11). 
manner i n  which the  wake s t r u c t u r e  shed by a preceding b lade  in f luences  t h e  
c h a r a c t e r i s t i c s  of the  r a d i a l  d i s t r i b u t i o n  of l i f t  on t h e  following blade,  has 
not  been a v a i l a b l e .  
On t h e  o t h e r  hand, the  laser velocimeter can accu ra t e ly  measure flow- 
Zlowever, a n  accu ra t e  experimental  assessment of the  
The r a d i a l  d i s t r i b u t i o n  of l i f t  is s i g n i f i c a n t l y  influenced by the prox- 
imity of the  vo r t ex  wake from the  preceding b lade  paswee .  The v e l o c i t y  d i s -  
t r i b u t i o n  of the  encountered vo r t ex  has a s i g n i f i c a n t  i n f luence  on the  inflow 
p a t t e r n s  experienced by the  blade,  and subsequently 011 the  o v i r a l l  performance 
of the  r o t o r .  It is conjectured t h a t  a s i n n i f i c a n t  impr0vemer.t can be r e a l i z e d  
i n  r o t o r  b lade  e f f i c i e n c y  by t a i l o r i n g  the blade-t ip  planforms. 
ing can have a twofold inf luence.  F i r s t .  the  vo r t ex  rol l -up process is a l t e r e d  
( r e f .  12) t o  generate  a more d i f f u s e  vo r t ex  whose c i r c u l a t i o n  remains t h e  same 
as f o r  a r ec t angu la r  planform bu t  is d i s t r i b u t e d  over a l a r g e r  region, thereby 
increasing co re  s i z e  and reducing maximum r o t a t i o n a l  v e l o c i t i e s .  Second, when 
a following blade wi th  t h i s  modified planform encounters the  more d i f f u s e  
vortex,  the  cha rac t e r  of the  i n t e r a c t i o n  is such t h a t  loading g rad ien t s  and 
the  ensuing undesirable  v i b r a t i o n s  are reduced with an a t t endan t  improvement 
i n  performance. 
i n  which a laser velocimeter w a s  used t o  measure flow-field v e l o c i t i e s  i n  c l o s e  
proximity t o  a blade of a hovering r o t o r ,  including measurements of the  bound 
c i r c u l a t i o n  and hence the  s e c t i o n a l  l i f t .  The in f luence  of a change i n  r o t o r  
blade-t ip  shape ( r ec t angu la r  t o  ogee) on the  vo r t ex  rol l -up phenomena and the  
inflrience of the modified wake on the r a d i a l  loading d i s t r i b u t i o n  have a l s o  
been experimentally documented. 
This t a i l o r -  
Accordingly, t h i s  paper p re sen t s  t h e  r e s u l t s  of an experiment 
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II l o c a l  l i f t  c o e f f i c i e n t ,  
( P  1 2 )  ce (nr )2  
l o c a l  blade chord, cm 
mean geometries chord, c m ,  6" e 
t o t a l  d i s t a n c e  increment along a chordwise t r a v e r s e  
t o t a l  d i s t ance  increment a long  v e r t i c a l  t r a v e r s e  
t o t a l  r o t o r  l i f t ,  N, 7 P bceR2 lR r 2 C Q  d r  
r o t o r  blade loading p e r  u n i t  length,  N/m, c(Rr)2CQ 2 
d i s t a n c e  vec to r  of closed r ec t angu la r  traverse around a i r f o i l ,  cm 
r o t o r  r ad ius ,  m 
l o c a l  r a d i a l  pos i t i on ,  m 
measured c i r c u l a t i o n  along forward v e r t i c a l  t r a v e r s e  
measured c i r c u l a t i o n  along top h o r i z o n t a l  t r a v e r s e  
measured c i r c u l a t i o n  along rear v e r t i c a l  t r a v e r s e  
measured c i r c u l a t i o n  along lower ho r i zon ta l  traverse.  
v e r t i c a l  component of v e l o c i t y ;  p o s i t i v e  upward, m/sec 
d i s t ance  chordwise from blade leading edge; p o s i t i v e  a f t ,  m 
d i s t a n c e  chordwise from blade quarter-chord; p o s i t i v e  toward the 
a i r f o i l  leading edge, m 
d i s t a n c e  r a d i a l l y ;  p o s i t i v e  r a d i a l l y  outward from hub, m 
d i s t ance  v e r t i c a l  from chord l i n e  of blade t i p ;  p o s i t i v e  up ,  m 
c i r c u l a t i o n  f ?  - dz 
e o . 7 5  blade p i tc '  angle a t  0.75R, deg 
blade t w i s t  angle r e l a t i v e  t o  0.75R, deg 
-f 3 
V v e l o c i t y  vector  tangent tc, J?, m/sec 
3 
P air  dens i ty ,  kg/m3 
- bF 
a r o t o r  s o l i d i t y  referenced t o  mean geometric chord, - llR 
bce 
r o t o r  s o l i d i t y  referenced t o  t h r u s t  e f f e c t i v e  chord, n~ a 
9 vor tex  age, deg 
n r o t o r  r o t a t i o n a l  speed, rad /sec  
ROTOR, TEST CONDITIONS, AND PROCEDURES 
A hovering, two-bladed t e e t e r i n g  model-scale r o t o r  with interchangeable  
The r o t o r  hub had 
Rotor blade cons t ruc t ion  necess i t a t ed  
Figure 1 is a photograph of t he  r o t o r  opera t ing  with 
The r o t o r  b lade  
t i p s  was used f o r  t h i s  inves t iga t ion .  
condi t ions  are presented i n  t a b l e s  1 and 2,  respec t ive ly .  
been used in a prev€ous s tudy ( r e f .  11). 
the  low r o t a t i o n a l  speed. 
the  laser beams pro jec ted  a t  a poin t  i n  t h e  r o t o r  inflow. 
c h a r a c t e r i s t i c s  and t h e  two t i p  shapes s tud ied  ( rec tangular  and ogee) are 
shown i n  f i g u r e s  2 and 3. 
The r o t o r  c h a r a c t e r i s t i c s  and ope ra t ing  
Table 3 p re sen t s  t h e  ogee chord d i s t r i b u t i o n .  
TABLE i;- GEOMETRIC BLADE PROPERTIES 
1Parameter 
Rotor hub precone, a 
Number of blades,  b 
Rotor rad ius ,  R 
Blade t w i s t ,  Ow 
A i r f o i l  
Flapping hinge unders l ing  
Reference blade chord 
Mean geometric chord, 
Thrust  e f f e c t i v e  chord, C e  
- bE Rotor s o l i d i t y ,  u = - llR 
bce o = -  llR 
Root c u t  ou t ,  X, 
Tip planform 




see f i g .  : 
NACA 0012 
0.0086R 

























Radial  blade 
s t s t i o n ,  r / R  Chord, c m  
Rotor speed, h2 
A i r  dens i ty ,  p 
Chord, cm 
Co l l ec t ive  p i t ch ,  
Tip Reynolds number, R e , .  0 
Tip speed, S1R 
Thrust  c o e f f i c i e n t  to  
s o l i d i t y  r a t i o ,  Ct/o 
73.3 r ad l sec  
Standard 
atmospheric 
cond i t ions  
9 . 8 O  




73.3 rad /sec  
Standard 
atmospheric 
cond i t ions  
9.8O 
4 ~ 1 0 ~  
76.6 m/sec 
0.099 
TABLE 3.- OGEE BLADE TIP PLANFORM COORDINATES 


























The laser velocimeter  used t o  make the  present  measurements had been 
used in e a r l i e r  s t u d i e s  ( r e f s .  11-13). The add i t ion  of d i r e c t i o n a l  s e n s i t i v i t y  
f o r  both components of v e l o c i t y  was implemented i n  t h i s  test. The v e r t i c a l  
and chordwise components of t he  f low-field v e l o c i t y  were measured a t  the  laser 
f o c a l  volume ( i .e . ,  t he  poin t  where the  beams i n t e r s e c t ) .  Rotor f low-field 
surveys were made by incremental ly  t r ave r s ing  the  LV f o c a l  volume along the  
x, y, o r  z coord ina te  and obta in ing  the  chordwise and v e r t i c a l  v e l o c i t y  com- 
ponents. 
by measuring the v e l o c i t y  component tangent t o  a closed rec tangular  contour 
around the  a i r f o i l  s e c t i o n  ( r e f .  13) .  For s t eady- s t a t e  flow (blade-referenced 
coord ina tes  i n  hover) t h i s  measured c i r c u l a t i o n  is r e l a t e d  t o  t h e  bound vor- 
t i c i t y ,  and subsequently t o  the  s e c t i o n  l i f t  c o e f f i c i e n t  according to: 
A t  each r a d i a l  l oca t ion ,  t h e  l o c a l  blade c i r c u l a t i o n  was determined 
5 
Data samples were t r ans fe r r ed  t o  the  minicomputer processing and c o n t r o l  
sys tem only during a n  acceptance time of 60 usec a f t e r  t he  blade had reached 
the  prescr ibed azimuth ( r e f .  13). This  t i m e  corresponds t o  a blade r o t a t i o n  
of 0.25', represent ing  a blade movement a t  the  t i p  of 6% of the  chord and a 
corresponding lesser amount a t  inboard r a d i a l  l oca t ions .  
The instantaneous mean ve loc i ty  a t  each poin t  is taken t o  be the  ersemble 
average of 20 d a t a  samples. 
approximates the  t r u e  instantaneous v e l o c i t y  is highly dependent on t h e  repro- 
d u c i b i l i t y  of t he  flow f i e l d  a t  a f ixed  phase of r o t o r  r o t a t i o n  ( r e f .  14). To 
improve the  r ep roduc ib i l i t y ,  both r o t o r  r o t a t i o n  speed and blade f lapping  
angle  were monitored and were required t o  be wi th in  prescr ibed  limits (20.5' 
blade f lapping  angle  and 50.2 rad /sec  r o t a t i o n a l  speed). For condi t ions  out- 
s i d e  these  l i m i t s ,  d a t a  t r a n s f e r  t o  the  computer w a s  i nh ib i t ed .  For d a t a  
samples that obey Student 's  T s t a t i s t i c s ,  and f o r  a flow t h a t  is reproducib le  
t o  wi th in  7% (combined a p e r i o d i c i t y  and turbulence i n t e n s i t y ) ,  20 v e l o c i t y  
samples y i e ld  a 90% confidence _'eve1 t h a t  the  ensemble average is the  c o r r e c t  
mean with l e s s  than 3% e r r o r .  A l l  v e l o c i t i e s  presented here in  are these  
ensemble averages normalized by r o t o r - t i p  speed (Pa). 
The f i d e l i t y  t o  which t h i s  ensemble average 
Because i t  is d i f f i c u l t  t o  a s s u r e  a n  exac t ly  reproducible  pe r iod ic  flow 
on a day-to-day bas i s ,  t he  accuracy i n  the  measurements of t he  c i r c u l a t i o n  is 
given based on r e p e a t a b i l i t y  r a t h e r  than absolu te  ve loc i ty  measurement accu- 
racy. I n  t h i s  r e spec t ,  t h e  c i r c u l a t i o n  va lues  were found t o  have a long-time 
r e p e a t a b i l i t y  of b e t t e r  than 95%. 
The c i r c u l a t i o n  was determined a t  a s u f f i c i e n t  number of r a d i a l  l o c a t i o n s  
An example of t o  accura t e ly  represent  the  r a d i a l  d i s t r i b u t i o n  of c i r c u l a t i o n .  
the  real-time da ta  output  format is presented i n  f i g u r e  4. Traverses  were 
a l s o  made r a d i a l l y  t o  document the  s t r u c t u r e  of t he  vor tex  wake i n  both the  
rol l -up region and a f t e r  approximacely 180' of r o t a t i o n  j u s t  before  encounter- 
ing the  following blade.  
RESULTS 
For both t h e  rec tangular  and ogee t i p  conf igura t ions ,  t he  c i r c u l a t i o n  was 
The v e l o c i t y  d i s t r i b u t i o n s  wi th in  t h e  t i p  vor tex  rol l -up reg ion  were 
measured about a c losed rec tangular  contour enclosing each l o c a l  blade r a d i a l  
s t a t i o n .  
measured c lose  behind the blade t i p  and j u s t  before the  t i p  vor tex  passed 
beneath t h e  following b lade .  The measured d i s t r i b u t i o n s  ( c i r c u l a t i o n ,  t ra i l -  
ing vor tex  v e l o c i t y  a t  $ = 180O) are 
presented i n  figut.es 5 and 6, r e spec t ive ly ,  f o r  the rec tangular  t i p  configura- 
t i on .  The peak c i r c u l a t i o n  is loca ted  a t  a radial  s t a t i o n  of 0.90 (see f i g .  5). 
From t h a t  pos i t i on  out  t o  the  t i p ,  t h e  steep gradien t  observed i n  the  c i rcu-  
l a t i o n  d i s t r i b u t i o n  i n d i c a t e s  a concent ra t ion  of t he  shed Vor t i c i ty .  That 
concent ra t ion  is apparent  i n  the  ve loc i ty  p r o f i l e  shown I n  f i g u r e  6 ( a ) ,  i n  
which the  v o r t i c i t y  is centered a t  an approximate r a d i a l  s t a t i o n  of 0.98. 
J, = O o ,  and t r a i l i n g  vor tex  ve loc i ty  a t  
After  180' of r o t o r  azimuth displacement (fig. 6(b)) ,  t h i s  t r a i l i n g  vor tex  
has  been d isp laced  r a d i a l l y  inward t o  a r a d i a l  s t a t i o n  of 0.86R, which repre- 
s e n t s  t he  wake cont rac t ion .  This v e l o c i t y  s t r u c t u r e  a l s o  demonstrates t h e  
ex ten t  t o  which the  v o r t i c i t y  has  d i f fused  outward from the  vor tex  center .  In  
the  region of t he  vor tex  center ,  s c a t t e r  i n  the  vor tex  v e l o c i t y  p r o f i l e  data, 
taken a t  t he  same blade r a d i a l  s t a t i o n ,  is evident  and is an ind ica t ion  of the  
inflow v a r i a t i o n s  between ve loc i ty  samples. 
Measured d i s t r i b u t i o n s  of c i r c u l a t i o n  and t r a i l i n g  vor tex  ve loc i ty  are 
presented f o r  the  ogee t i p  conf igura t ion  i n  f i g u r e s  7 and 8. The peak c i rcu-  
l a t i o n  value is a t  a r a d i a l  s t a t i o n  of 0.85 and the  grad ien t  of t he  r a d i a l  
c i r c u l a t i o n  ( f ig .  7) is c l e a r l y  less than the  g rad ien t  near t he  t i p  f o r  t h e  
rec tangular  blade. This reduct ion i n  g rad ien t  is a l s o  ev ident  i n  the  more 
d i f f u s e  d i s t r i b u t i o n  o f  v o r t i c i t y  behind the  blade ( f i g .  8 (a ) ) ,  wi th  a nominal 
cen ter  of v o r t i c i t y  a t  a r a d i a l  s t a t i o n  of 0.93. After 180' of r o t o r  azimuth 
displacement, t he  t r a i l i n g  vortex has been displaced r a d i a l l y  t o  a s t a t i o n  of 
0.82R and is less concentrated than f o r  the  rec tangular  t i p  ( f i g .  8(b)).  
The sec t ion  l i f t  c o e f f i c i e n t  and loading d i s t r i b u t i o n s  are obtained from 
the  c i r c u l a t i o n  d i s t r i b u t i o n  by the  following expressions:  
The r a d i a l  d i s t r i b a t i o n  of the loading and l i f t  c o e f f i c i e n t  f o r  t he  rectan- 
gular  t i p  is given i n  f i g u r e s  9 and 10; the  d i s t r i b u t i o n  f o r  the ogee config- 
u ra t ion  is given i n  f i g u r e s  11 and 1 2 .  
DISCUSSION AND COMPARISON WITH THEORY 
The opera t ing  condi t ions  (blade c o l l e c t i v e  p i t c h  and r o t a t i o n a l  speed)  
were chosen t o  be the  same f o r  both t i p  shapes. 
t i p  conf igura t ion  produced 114 N of l i f t  and the  ogee conf igura t ion  produced 
101 N. 
(based on t h r u s t  e f f e c t i v e  chord),  i t  produced 11;. less l i f t .  The above 
values  f o r  l i f t  were determined by i n t e g r a t i n g  the  loading d i s t r i b u t i o n :  
As a r e s u l t ,  the  rec tangular  
Hence, although the  ogee planform had 15% less weighted blade s o l i d i t y  
L = b i R  C d r  
f o r  both the  rec tangular  t i p  conf igura t ion  ( f i g .  9) and the ogee t i p  config- 
ura t ion  ( f i g .  11). Measurewents were not made over the  inboard por t ion  of 
the  span (r/R < 0.49) because of experimental  l i m i t a t i o n s .  Hence, t o  compute 
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t h e  t o t a l  l i f t ,  t hese  loading  d i s t r i b u t i o n s  were ext rapola ted  inward to r h 2  
blade  cu tou t  s e c t i o n  by s e l e c t i n g  a d i s t r i b u t i o n  t h a t  was i n  agreement wi th  
a n a l y t i c a l  p red ic t ions .  
Figure 9 a l s o  shows, f o r  t h e  r ec t angu la r  t i p  conf igura t ion ,  two d i f f e r e n t  
a n a l y t i c a l  methods t h a t  were used t o  genera te  loading d i s t r i b u t i o n s .  The 
vortex-l ine method uses  s t r i p  theory t o  dev i se  a n  a n a l y t i c a l l y  def ined  vor tex  
wake and t o  p r e d i c t  b lade  loading.  The empi r i ca l ly  prescr ibed  wake method 
uses  l i f t i n g  su r face  theory wi th  a n  empi r i ca l ly  prescr ibed  d i s c r e t e  vor tex  
wake. 
two  pred ic ted  r e s u l t s  f o r  blade loading. The vor tex- l ine  technique uses  r o t o r  
momentum t o  p r e d i c t  t h e  wake geometry, and t h e  empi r i ca l ly  prescr ibed  wake 
method w a s  used wi th  t h e  Landgrebe Wake Model ( r e f .  2) .  Although both methods 
p r e d i c t  a n  increased loading near  t h e  t i p ,  t h e  magnitudes are less than t h e  
experimental  value.  HDwever ,  t h e  empi r i ca l ly  prescr ibed  wake model p r e d i c t s  a 
peak loading and a r a d i a l  d i s t r i b u t i o n  t h a t  i n  the  v i c i n i t y  of t h e  t i p  is i n  
b e t t e r  agreement wi th  the  experimental  d i s t r i b u t i o n s  than t h e  r e s u l t s  obtained 
from t h e  vor tex- l ine  model. 
The def ined  wake geometry c o n s t i t u t e s  t he  major d i f f e r e n c e  between t h e  
For t h e  ogee conf igura t ion  loading d i s t r i b u t i o n  ( f i g .  ll), i t  is noted 
t h a t  the  pos i t i on  of t h e  peak loading is loca ted  f a r t h e r  inboard than f o r  t h e  
rec tangular  t i p .  Also, t he re  is a s u b s t a n t i a l  reduct ion  i n  loading  over  t he  
outer  10% of t h e  b lade  rad ius ;  t h i s  reduct ion is a r e f l e c t i o n  of t h e  ogee 
planform. 
d i r e c t  r e s u l t  of t he  ogee planform and is a l s o  i n d i r e c t l y  due t o  t h e  t i p  vor tex  
of the  preceding b lade ,  which f o r  t h e  ogee t i p  is generated f a r t h e r  inboard 
( f i g .  8 ( a ) )  than f o r  t h e  rec tangular  t i p  ( f i g .  6 ( a ) ) .  
The r a d i a l l y  inward displacement of t h e  loading peak is p a r t l y  t h e  
The above loading d i s t r i b u t i o n s  were computed from t h e  bound c i r c u l a t i o n  
d i s t r i b u t i o n  f o r  t h e  rec tangular  ( f i g .  5) and ogee conf igura t ions  ( f i g .  7) .  
Fo: t h e  ogee conf igura t ion ,  t h e  l o c a t i o n  of t h e  peak c i r c u l a t i o n  occurs  f a r t h e r  
inboard by approximately 5.5% of t he  r ad ius  than t h e  peak f o r  t h e  r ec t angu la r  
t i p .  The amplitude of t h e  peak c i r c u l a t i o n  3 q  nea r ly  the  same f o r  both t i p  
shapes,  but  t o r  t he  ogee t i p  the re  is a reducLion i n  r a d i a l  g rad ien t  outboard 
of t he  peak and the re  is a s u b s t a n t i a l  reduct ion  i n  magnitude near  t he  t i p .  
However, t h e  d i s t r i b u t i o n s  of t he  c i r c u l a t i o n  i n  the  v i c i n i t y  of t h e  t i p  (from 
approximately 0.25R inboard t o  approximately 0.06R outboard of t h e  peak),  are 
nea r ly  i d e n t i c a l  f o r  t h e  two conf igura t ions .  
With t h e  above noted c h a r a c t e r i s t i c s  of t h e  c i r c u l a t i o n  d i s t r i b u t i o n ,  
t r a i l i n g  v o r t i c i t y  generated by t h e  ogee shape is expected t o  be s i g n i f i c a n t l y  
more d i f f u s e  than f o r  t h e  rec tangular  t i p .  
v e l o c i t y  d i s t r i b u t i o n s  measured a f t  of t he  t r a i l i n g  edge ( f i g s .  6 (a)  and 8 (a )  
f o r  t he  rec tangular  and ogee t i p s ,  r e spec t ive ly ) .  With the  cgee t i p ,  t he  t i p  
vor tex  is f a r t h e r  inboard by about 0.04R, both a t  + = 0' and + = 180'; hence, 
both the  bound c i r c u l a t i o n  and the  wake v o r t i c i t y  have been d isp laced  inboard.  
For the  rec tangular  t i p ,  thLs v e l o c i t y  d i s t r i b u t i o n  resembles t h a t  of a con- 
cen t r a t ed  vor tex ;  f o r  the  ogee t i p  the  v e l o c i t y  d i s t r i b u t i o n  sugges ts  a more 
d i f f u s e  d i s t r i b u t i o n  of v o r t i c i t y ,  as expected. Because the  c i r c u l a t i o n  peak 
va lues  are the  same f o r  both the  ogee and rec tanguiar  t i p  con f igu ra t ions ,  t h e  
t o t a l  s t r e n g t h  of t he  t r a i l e d  v o r t i c i t y  generated by each should be the  same; 
This  i s  ev ident  i n  t h e  induced- 
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this is YO even though the ogee configuration may have a larger core diameter 
and different distributions of vorticity and velocity through the core. 
this is true, then outside the region of rotational flow the induced velocities 
should closely approach those of the concentrated vortex generated by the rect- 
angular tip. 
circulation peak, which is significantly influenced bv the encountel t q  
vortex shed from the preceding blade. 
If 
This is substantiated by the similar distributions abou' + 
The radial distributions of bound vorticity (circulation) were us-:d to 
determine the radial C i  distributions that are presented in figures 10 ilid 12 
for the rectangular and ogee configurations, respectively. As expected, tile 
primary peak in the distribution for the ogee tip configuration is located 
farther inboard than for the rectangular configuration. There are, however, 
other notable differences between the two configurations. First, for the ogee 
tip there is a secondary peak farther outboard near the tip that is not appar- 
ent for the rectangular tip. This peak is thought to be the result of the 
self-induced upwash generated (due to the ogee shape) by the blade's own shed 
vorticity inboard of the tip. That upwash is evident in the velocity distri- 
butions near the trailing edge of the ogee tip (fig. 8(a)). In contrast, the 
primary peak for both the ogee and rectangular tips is the result of the 
upwash portion of the indi 7ed velocity distribution from the tip vortex of the 
preceding blade (figs. 6(b) and 8(b), respectively). The radial. location of 
the encounterzd vortex, correlates well with the variation in CR that it 
induces on the blade. The slightly greater magnitude of the gencral ogee tip 
CQ distribution relative to that of the rectangular tip is the result of the 
inboard shift of the tip vortex generated by the ogee tip. The induced veloc- 
ity field of the ogee tip vortex is also moved inboard such that when combined 
with the lower tangtntial velocities (Qr) the blade experiences an increased 
induced angle of attack, and hence an increased 
Cg 
Cg. 
Lastly, for the rectangular tip configuration, there is a dip in the Ck 
distribution at a radial station of 0.60. 
t o  a Aa of 0 . 4 ' ;  this measured effect was found to be repeatable. Although 
there has been much speculation, no adequate explanation is available. 
This dip (ACE = 0.04) corresponds 
Figures 13 through 70 present the flow-field velocitles tangent to a 
closed rectangular contour around the airfoil; hence, the measu-ed bound cir- 
culation for both planform shapes, as a function of blade -sdial station. 
Table 4 is a list of the figures. 
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Figure 1.- 
Figure 2 . -  
Figure 3 . -  
Figure 4.- 
Figure 5.- 
Figure 6 . -  
Figure 7.- 





Photograph of laser velocimeter  and r o t o r  i n  hover condi t ion .  
Basic r o t o r  blade geometry. 
Photograph of  rec tangular  and ogee blade-t ip  planforms. 
Typical  real-time p resen ta t ion  of  d a t a  dur ing  c i r c u l a t i o n  
measurement. 
Measured bound c i r c u l a t i o n  f o r  rec tangular  b lade  t i p .  
Wake v e l o c i t y  r a d i a l  d i s t r i b u t i o n  f o r  r ec t angu la r  b lade  t i p .  
Measured bound c i r c u l a t i o n  f o r  ogee b lade  t i p .  
Wake ve loc i ty  r a d i a l  d i s t r i b u t i o n  f o r  ogee b lade  t i p .  
Blade s e c t i o n  loading  f o r  rec tangular  b lade  t i p .  
L i f t  c o e f f i c i e n t  r a d i a l  d i s t r i b u t i o n  f o r  rec tangular  
h lade  t i p .  
Blade s e c t i o n  loading  f o r  ogee blade t i p .  
L i f t  c o e f f i c i e n t  r a d i a l  d i s t r i b u t i o n  f o r  ogee b lade  t i p .  
- 
Circu la t ion  Measurements f o r  Rectangular Blade Tip 
Figure 13.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contotir a t  blade 
r a d i a l  s t a t i o n  0.549R f o r  rec tangular  blade t i p .  
Figure 14.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  b lade  
r a d i a l  s t a t i o n  0.574R f o r  rec tangular  b lade  t i p .  
Figure 15.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour  a t  blade 
r a d i a l  s t a t i o n  0.598R f o r  rec tangular  blade t i p .  
Figure 16.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour  a t  blade 
r a d i a l  s t a t i o n  0.599R f o r  rec tangular  blade t i p .  
Figure 17.- Flow-field v e l o c i t i e s  a h u t  c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.623R Lor r ec t angu la r  b lade  t i p .  
Figure 18.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour  a t  b lade  
r a d i a l  s t a t i o n  0.648K f o r  rec tangular  b lade  t i p .  
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Figure 19.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.699R f o r  r ec t angu la r  b l ade  t i p .  
Figure 20.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.748R f o r  r ec t angu la r  b l ade  t i p .  
Figure 2i.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.750; f o r  r ec t angu la r  blade t i p .  
Figure 22.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.774R f o r  r ec t angu la r  b l ade  t i p .  
Figure 23.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.7753 f o r  r ec t angu la r  blade t i p .  
Figure 24.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.779R f o r  r ec t angu la r  blade t i p .  
Figure 25.- Flow-field Ve loc i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.798R f o r  rectangular  blade t i p .  
Figure 26.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  3.799R f o r  r ec t angu la r  blade t i p .  
Figure 27.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  sta' ion  0.799R f o r  r ec t angu la r  blade t i p .  
Figure 28.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contcur a t  blade 
r a d i a l  s t a t i o n  0.823R f o r  r ec t angu la r  blade t i p .  
Figure 29.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.825R f o r  r ec t angu la r  blade t i p .  
Figure 30.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.848R f o r  r ec t angu la r  blade t i p .  
Figure 31.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.849R f o r  r ec t angu la r  blade t i p .  
Figure 32.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contc*ir a t  blade 
r a d i a l  s t a t i o n  0.873R f o r  r ec t angu la r  b l a d e  t i p .  
Figure 33.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.875R f o r  r ec t angu la r  blade t i p .  
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Figure 34.- Flow-field Ve loc i t i e s  about c i r c u l a t i o n  contour a t  b l ade  
r a d i a l  s t a t i o n  0.880R f o r  r ec t angu la r  blade t i p .  
Figure 35.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.899R f o r  r ec t angu la r  blade t i p .  
Figure 36.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.899R f o r  r ec t angu la r  blade t i p .  
Figure 37.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.910R f o r  rectangular  blade t i p .  
Figure 38.- Fiow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.923R f o r  r ec t angu la r  blade t i p .  
Figure 39.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  b l ade  
r a d i a l  s t a t i o n  0.948R €or  r ec t angu la r  blade t i p .  
Figure 40.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.949R f a r  r ec t angu la r  blade t i p .  
Figure 41.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.960R f o r  r ec t angu la r  blade t i p .  
Figure 42.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.965R f o r  r ec t angu la r  blade t i p .  
Figure 43.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  b l ade  
r a d i a l  s t a t i o n  0.975R f o r  r ec t angu la r  blade t i p .  
Figure 44.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  b l ade  
r a d i a l  s t a t i o n  0.980R f o r  r ec t angu la r  b l ade  t i p .  
Figure 45.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  b l ade  
r a d i a l  s t a t i o n  0.990R f o r  r ec t angu la r  b l ade  t i p .  
Figure 46.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.999R f o r  r ec t angu la r  blade t i p .  
Figure 47.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t io ' i  1.003R f o r  r ec t angu la r  blade t i p .  
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Figure 48.- Flow-f i e l d  v e l o c i t i e s  about c i r c u l a t i o n  contour a t  b l ade  
r a d i a l  station 0.398R f o r  ogee blade t i p .  
Figure 49.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.501R for ogee blade t i p .  
Figure 50.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  b l ade  
r a d i a l  s t a t i o n  0.550R f o r  ogee blade t i p .  
Figure 51.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.60OR f o r  ogee blade t i p .  
Figure 52.- Flow-field v e l o c i t i e s  zbout c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.649R f o r  ogee blade t i p .  
Figure 53.- Flow-field velocit ies about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.700R f o r  ogee blade t i p .  
Figure 54.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.724R f o r  ogee blade t i p .  
Figure 55.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.751R f o r  ogee blade t i p .  
Figure 56.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  b l ade  
r a d i a l  s t a t i o n  0.775R f o r  ogee blade t i p .  
Figure 57.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  O.POOR f o r  ogee blade t i p .  
Figure 55.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.800R f o r  ogee blade t i p .  
Figure 59.- Flow-field ; r e loc i t i e s  about c i r c u l a t i o n  contour a t  b l ade  
r a d i a l  s t a t i o n  0.816R f o r  ogee blade t i p .  
Figure 60.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.825R f o r  ogee blade t i p .  
Figure 61.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  L i n t o u r  a t  blade 
r a d i a l  s t a t i o n  0.8348 f o r  ogee blade t i p .  
Figure 62.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  b l ade  
r a d i a l  s t a t i o n  0.84tjii f o r  ogee blade t i p .  
TABLE 4.- CONCLUDED 
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Figure 63.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.865R f o r  ogee blade t i p .  
Figure 64.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t e t i o n  0.876R f o r  ogee blade t i p .  
Figure 65.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.901R f o r  ogee blade t i p .  
Figure 66.- Flow-field v e l o c i t i e s  about C i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.925R f o r  ogee i l a d e  t i p .  
Figure 67.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  b l ade  
r a d i a l  s t a t i o n  0.948R f o r  ogee blade t i p .  
Figure 68. - Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.974R f o r  ogee blade t i p .  
Figure 69.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  0.990R f o r  ogee blade t i p .  
FigJre  70.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade 
r a d i a l  s t a t i o n  1.000R f o r  ogee blade t i p .  
CONCLUDING REMARKS 
A remote-measuring, non in t rus ive  v e l o c i t y  probe, such as t h e  laser 
velocimeter,  has been shown t o  be an  e f f e c t i v e  way of examining the  instan-  
taneous inflow and vo r t ex  wake s t ruc t t r r e s  of a hovering madel-scale r o t o r .  
The exact l o c a t i o n  of t he  c e n t e r  of t h e  vo r t ex  f i lament  and the  d e t a i l s  of t h e  
v e l o c i t y  d i s t r i b u t i o n  were measured with s u f f i c i e n t  accuracy t o  i n d i c a t e  
vo r t ex  decay rate from vor t ex  incep t ion  (Q = 0") t o  blade-vortex encounter 
( a  = 180') f o r  a two-bladed r o t o r .  Moreover, closed-loop v e l o c i t y  surveys 
were conducted from which t h e  r a d i a l  loading d i s t r i b u t i o n  could be determined. 
The loading d i s t r i b u t i o n s  f o r  t he  r ec t angu la r  and ogee t i p  conf igu ra t ions  con- 
f i rm  the  u t i l i t y  of t he  experimental  approach. Indeed, s u b t l e  v a r i a t i o n s  i n  
r a d i a l  d i s t r i b u t i o n s  of l i f t  can now be measured with s u f f i c i e n t  s e n s i t i v i t y  
and r e p e a t a b i l i t y  t o  provide an  accu ra t e  d a t a  base f o r  t he  v a l i d a t i o n  of 
numerical p red ic t ions  t h a t  are designed t o  p r e d i c t  blade loading and subse- 
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Figure 2.- Basic rotor blade 
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Figure 4.- Typical real-time presentation of data during circulation 
measurement. 
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Figure  5.- Measured bound c i r c u l a t i o n  for  r ec t an 'gu la r  b l a d e  t i p .  
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(a) Vertical velocity at 
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Figure 7.- Measured bound c i r c u l a t i o n  f o r  ogee b lade  t i p .  
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BLADE RADIAL STATION, r/R 
Figure 9.- Blade s ec t ion  loading for rectangular b l a d e  t i p .  
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Figure 11.- Blade section loading f o r  ogee b l a d e  t i p .  










BLADE RADIAL STATION, r/R 
Figure 12 . -  Li f t  coefficAent radial distribution for ogee blade t i p .  
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Figure 13.-  Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
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Figure 14.- Flow-field ve loc i t ies  about circulation contour a t  blade radial 
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Figure 15.- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
station 0.598R for rectangular blade t i p .  
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Figure 16 .- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
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Figure 17 . -  Flow-field ve loc i t ies  about circulation contour a t  blade radial 
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Figure 18. - Flow-field veloc i t ies  about circulation contour at  blade radial 
station 0,648R for rectangular blade t i p .  
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Figure 19 .- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
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Figure 20.- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
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Figure 21. -  Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade r a d i a l  
s t a t i o n  0.750R for r ec t angu la r  blade t i p .  
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Figure 22.- Flow-field velocities about circulation contour at blade radial 





rigure 23.- Flow-field ve loc i t i e s  about circulation contour at  blade radial 
stat ion 0.775R for rectangular blade t i p .  
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Figure 24.- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
stat ion 0.779R for rectangular blade t i p .  
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Figure 25.- F;ow-field ve loc i t ies  about circulation contour a t  blade radial 
stat ion 0.79813 for rectangular blade t i p .  
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Figure 26.- Florfield velocities about circulation contour at blade radial 
station 0.799R for rectangular blade tip. 
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Figure 27.- Flow-field velocities about circulation contour at blade radial 
station 0.799R for rectangular blade tip. 
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Figure 28.- Flow-f i e l d  ve loc i t i e s  about circulation contour at blade radial 
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Figure 29.- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
stat ion 0.825R for rectangular blade t i p .  
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Figure 30.- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
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Figure 31.- Flow-field velocities about circulation contour at blade radial 
stat ion 0.849R for rectangular blade tip. 
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Figure 32.- Flow-field ve loc i t i e s  about circulation contour at  blade radial 
stat ion 0.8731 for rectangular blade t i p .  
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Figure 33.- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
stat ion 0.875R for rectangular blade t i p .  
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Figure 34 . -  Flow-field ve loc i t i e s  about circulat ion contour a t  blade radial 
s ta t ion  0.880R for rectangular blade t i p .  
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Figure 35.- Flow-field velocities about circulation contour at blade radial 
station 0.899R for rectangular blade tip. 
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Figure 36.- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
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Figure 37.- Flow-fieid ve loc i t ies  about circulation contour at  blade radial 
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Figure 38.- Flow-field ve loc i t ies  .bout circulation contour a t  blade radial 
stat ion 0.923R fc- rectangular blade t j . ,  
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Figure 39.- Flow-field velocities about circulation contour at blade radial 
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Figure 40.- Flow-field velocities about circulation contour at blade radial 
station 0.949R for rectangular blade tip. 
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Figure 41.- Flow-field velocities about circulation contour at blade radial 
station 0.960R for rectacgular bide t i p .  
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Figure 42.- Flow-field ve loc i t i e s  about circulation contour at  blade radial 
station 0.965R for rectangular blade t i p .  
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Figure 43. -  Flow-field ve loc i t i e s  about circulation contour at  blade radial 
stat ion 0.975R for rectangular blade t i p .  
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Figure 44,- Flow-field velocities about circulation contour a t  blade radial 
station 0.980R for rectangular blade t i p .  
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Figure 45.- F l w - f i e l d  velocities about circulation contour a t  blade  radial 
statlon 0.990R for rectangular blade t i p .  
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Figure 46,-  F l o w f i e l d  velocities about circulation contour at blade radial 
station 0.9998 far rectangular blade t i p .  
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Figure 47.- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
stat ion 1.003R for rcctangular blade t i p .  
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Figure 48.- Flow-field ve loc i t i e s  about circulation contour at  blade radial 
stat ion 0.398R for ogee blade t i p .  
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Figure 49 . -  Flow-field ve loc i t ies  about circulation contour a t  blade radial 
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Figure 50.- Flow-field v e l o c i t i e s  about c i r c u l a t i o n  contour a t  blade r a d i a l  







Figure 51 . -  Flow-field ve loc i t i e s  about circulation contour at  blade radial 
station 0.600R for ogee blade t i p .  
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Figure 52.- Flow-field veloc i t ies  about c i r cu la t ion  contour at blade  rad ia l  
s tat ion 0.649R fo r  ogee b l a d e  t i p .  
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Figure 55.-  Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
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Figure 56.- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
stat ion 0.7758 for ogee blade t i p .  
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Figure 5 7 . -  Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
stat ion 0.800R for ogee blade t i p .  
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Figure 58.- Flow-field ve loc i t ies  about circulation contour at blade radial 
stat ion 0.800R for ogee blade t i p .  
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Figure 59.- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
stat ion 0.816R for ogee blade t i p .  
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Figure 60.- Flow-field ve loc i t ies  about circulation contour at  blade radial 
stat ion 0.825R for ogee blade t i p .  
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Figure 61.- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
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Figure 62.- Flow-field velocities about circulation contour at blade radial 
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Figure 63.- Flow-field ve loc i t ies  about circulation contour at  blade radial 
stat ion 0.865R for ogee blade t i p .  
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Figure 6 4 . -  Flow-field ve loc i t ies  about circulation contour at  blade radial 
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Figure 65.- Flow-field velocities about circulation contour at  blade radial 
s tat ion 0.901R for ogee blade  t i p .  
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Figure 66.- Flow-field ve loc i t ies  about circulation contour a t  blade radial 
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Figure 67 . -  Flow-field ve loc i t i e s  about circulation contour a t  b l a d e  radial 
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Figure 68.- Flow-field ve loc i t ies  about circulation contour a t  blade radial 
stat ion 0.974R for ogee blade t i p .  
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Figure 69.- Flow-field ve loc i t i e s  about circulation contour a t  blade radial 
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Figure 70.- Flow-field velocities about circulation ccntour at  blade radial 
station 1.000R for ogee blade tip. 
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